In Drosophila mirnda, the larval cuticle protein (Lcp) Changes in chromosome structure and breakdown of genetic activity in evolving Y chromosomes, referred to as chromosome degeneration (1, 2), are observed in many species. Several models have been proposed to explain the phenomena (3-8). Muller (1, 2) assumed that X and Y chromosomes evolved from a pair of originally homologous autosomes (cf. refs. 9-12). However, the molecular aspects of Y chromosome evolution are still an enigma.
Changes in chromosome structure and breakdown of genetic activity in evolving Y chromosomes, referred to as chromosome degeneration (1, 2) , are observed in many species. Several models have been proposed to explain the phenomena (3) (4) (5) (6) (7) (8) . Muller (1, 2) assumed that X and Y chromosomes evolved from a pair of originally homologous autosomes (cf. refs. [9] [10] [11] [12] . However, the molecular aspects of Y chromosome evolution are still an enigma.
According to the hypothesis of Muller (1, 2) , the differentiation of sex chromosomes is due to the progressive degeneration of the Y chromosome as a consequence of its permanent heterozygosity. Chromosome degeneration is thought to be due to mutation of genes to recessive or completely inactive states. The primeval X and Y chromosomes probably have comparable rates of recurrent mutations. As a consequence, the frequency of recessive lethal mutations should be the same for the X and Y loci. However, such mutations on the Y are effectively neutral because they can never become homozygous. Thus, recurrent mutations from wild-type to recessive states over a sufficiently long period of evolutionary time should lead to the fixation of recessive loss-of-function alleles at most loci.
To analyze the molecular bases of degeneration we chose a model system, Drosophila miranda, that is characterized by a pair of heteromorphic sex chromosomes which are evolving from a pair of formerly homologous autosomes. D. miranda shows an exceptional karyotype. Due to the translocation of one of the autosomes to the Y chromosome, a neo-Y chromosome and a monosome, designated X2, were formed (13) (14) (15) (16) (17) . Thus, formerly autosomal genes are now X2 and Y chromosomal. In D. miranda, the larval cuticle protein gene cluster (here we follow the locus designation Lcp of ref. 18 ) is located on the X2 and Y chromosomes, while it is autosomally inherited in the two sibling species Drosophila pseudoobscura and Drosophila persimilis.
Sequence analysis of the Lcp locus cloned from the X2 and Y chromosomes* reveals a massive accumulation of inserted DNA sequences (ISYs) in the Y chromosomal Lcp region. In situ hybridizations with the TRIM retrotransposon (17) and the ISY3 insertions in fact show a differential distribution of these transposable elements on the X2 and neo-Y chromosomes. By Northern analysis, we show that the Y chromosomal Lcp4 allele is no longer transcribed. Thus, we have uncovered a loss-of-function allele on the degenerating Y chromosome, as was originally predicted in Muller's model for the degeneration of the Y chromosome (1, 2).
MATERIALS AND METHODS
Cloning, Standard DNA Techniques, and Sequencing. The X2 and Y chromosomal Lcp regions were cloned and sequenced by standard techniques (16, 19) . We sequenced both strands from M13mp18/19 subclones covering the X2 and Y chromosomal Lcp regions according to the protocol supplied with Sequenase (United States Biochemical).
Localization of the ISY3 Sequences. For chromosome in situ hybridizations squashing of salivary glands was done as described in ref. 15 . To detect ISY3 homologous sequences we used an Xba I fragment containing the ISY10 DNA sequence, which is about 95% identical to part ofthe ISY3 sequence (see Fig. 3 ). The replicative form (RF) DNA of M13 phage carrying the Xba I fragment was biotinylated with Bio-16-dUTP (Enzo Biochem) by nick translation. The probes were hybridized at 580C overnight and washed at 530C. Signal detection followed the protocol for immunoperoxidase staining supplied with the DETEK I-hrp kit used (Enzo Biochem) and the silver 3,3'-diaminobenzidine (DAB) enhancement kit (Amersham). The slides were stained with Giemsa stain.
RNA Isolation and Northern Analysis. Undegraded total RNA from larval integument was isolated from 200 handdissected male and female integuments (20 Genetics: Steinemann and Steinemann mosome 3 in D. pseudoobscura and D. persimilis. In D. miranda this cluster is found on the X2 and Y chromosomes ( Fig. 1) . We cloned the Lcp gene cluster from both chromosomal locations in D. miranda (16) . The four Lcp genes clustered on the X2 chromosome contain about 7 kb of sequence information (Fig. 2) . The gene arrangement and direction of transcription are similar to those in the D. melanogaster Lcp cluster (22) , despite the evolutionary distance of about 30 million years between the two species (23) . With the exceptions indicated by the arrows in Fig. 2 (17), which shares homology with the Ifactor ofD. melanogaster (24) and retrotransposons belonging to the long interspersed elements (LINEs) family. Both are of the non-long terminal repeat (LTR) type. The TRIM integration is associated with the small deletion DY2.
On the other hand the ISY5 insertion, designated TRAM, is not associated with a deletion. TRAM has integrated 433 bp upstream ofthe transcription start site of the Y allele ofLcp4. We sequenced both ends of TRAM, about 1.5 kb in all (unpublished data). This sequence information reveals a target site duplication that flanks perfect LTRs. In addition we find a putative tRNA primer-binding site (PBS), necessary for the initiation ofDNA minus-strand synthesis in retroelements (not shown). The PBS ofTRAM shows a sequence identical to that in Rous sarcoma virus (RSV), which is complementary to the 3' end of tRNATrP (25 (27) and to a heterogeneous family of mobile sequences in the genome of sea urchins (28) . ISY6 contains a DNA sequence duplication of 8 bp (see below) and an additional insert of 3 bp. ISY7 is 6 bp long and is the smallest insertion recorded. An identical 6-bp motif occurs at the beginning of the ISY3 sequence (underlined in Fig. 3) .
The ISY8 insertion, TTTATCTAAGATAAGT, is bordered by two small deficiencies, DY5 (37 bp) and DY6 (22 bp). The reverse complementary sequence of ISY8 overlaps with one end of ISY3 (underlined in Fig. 3) , showing 90.90% identity over 11 bp. ISY9 and ISY10 show DNA sequence identities to ISY3, but rearranged in position, and show in these overlapping regions an accumulation ofpoint mutations (Fig. 3) . ISY9 shows 74.4% identity in a 148-bp overlap, and ISY10 reveals 94.7% identity in a 357-bp overlap with ISY3 (Fig. 3) . ISY10 is followed by a tandem duplication starting with the ISY3 insertion. The duplication contains an additional copy ofthe Y allele of gene 2 and the TRIM element (unpublished data).
Clustered Inserts In the Y Chromosome. The ISY3 insertion element and its derivatives are present in more than 100 copies in the female nucleus (Fig. 4A) . However, comparison of the labeling of the former homologues, X2 and Y. reveals a dramatic difference in label density. We find a massive relative accumulation of these sequences on the Y chromosome (Fig. 4B) . Preferential localization on the Y chromo- (Fig. 5) . The deletion is flanked by the DNA sequence duplication, CGGAATTT, most probably representing the footprint left behind by an insertion/excision event. The origin of the additionally inserted TTT is unclear (Fig. 5) (Fig. 6) . Therefore, the Y 
ISMY1 ----l-o------------------------------------------

ISY3
TCGGGTATAACTGTAGAGTTGCGGTGTCCGCAGCAACTCACAACGTTCCCCCTC ISY9 ISy   ----------------------------------------------------- (Fig. 3) . We assume that these short sequences are either products of extensive rearrangements or remnants of previously excised elements. The latter possibility is more likely, because ISY8, ISY9, and ISY10 contain overlapping sequence motifs. Of interest is the accumulation of point mutations in this common DNA region (Fig. 3) .
Our results for the Lcp locus indicate that the major forces driving the evolution of a degenerating Y chromosome are retrotransposons or other transposable elements that produce insertions and excisions of different kinds. If this is correct, these elements must be responsible for both of the main phenomena (see above) associated with Y chromosome degeneration. On the basis of the structural features of the 221-bp deletion in Lcp4-e.g., the putative associated target site duplication-we conclude that the null allele is generated by insertion/excision mutagenesis. Alignment of the 5' upstream sequences of the X2 and Y alleles of Lcp4 reveals complete identity from the transcription start (+ 1) up to bp -109 (see Fig. 5 ). From the structural features one would assume that the truncated allele should still be transcribed. On the other hand, cis regulatory effects exerted by the TRAM retroelement, which flanks the 5' region and/or the ISY inserts together with the duplication in the 3' downstream sequence, might be responsible for the inhibition of transcription (see below).
Several mutations associated with transposable elements have been identified in Drosophila (for review see ref. 29) . The loss-of-function allele detected at the Lcp4 locus represents an example of a Y-specific null allele and the breakdown of genetic information on the degenerating D. miranda Y chromosome. The biased distribution of the TRIM element and the dramatic increase in the number of the ISY3 identical sequences inserted on the Y chromosome constitute good evidence for the involvement of these elements in the evolutionary process of the destruction of genetic information during Y chromosome degeneration. We believe that at the chromosomal level the observed rearrangements are reflected in an increase in the number of heteropycnotic chromosome sections. Thus, we assume that inserted DNA sequences must be involved in the change in chromosome structure. It 
